Flowering of Nicotiana tabacum cv Xhanti depends on gibberellins because gibberellin-deficient plants, due to overexpression of a gibberellin 2-oxidase gene (35S:NoGA2ox3) or to treatment with the gibberellin biosynthesis inhibitor paclobutrazol, flowered later than wild type. These plants also showed inhibition of the expression of molecular markers related to floral transition (NtMADS-4 and NtMADS-11).
Introduction
Floral transition, during the life cycle of plants, is precisely determined by environmental and endogenous signals. Flowering involves changes in the identity of the primordia arising at the flanks of the shoot apical meristem, from leaves to flowers. Gibberellins have been suggested as intermediate messengers for the transition to flowering induced by environmental or endogenous signals (Parcy 2005) .
In Arabidopsis thaliana, an integrated network of genetic pathways has been proposed to regulate the induction of floral meristem identity genes and floral transition (Araki 2001) . The two main pathways mediating environmental responses are the photoperiod and vernalization pathways. The other two are the autonomous pathway and the gibberellin pathway, which acts upon flowering in non-inductive short-day conditions. A large number of genes have been identified, including those regulating the integration of these pathways (LFY, SOC1 and FT, the so-called floral pathway integrators; Mouradov et al. 2002) . The mRNA of FT has been recently identified as a component of the long sought 'florigen' (a grafttransmissible floral signal that moves from leaf to shoot apex) and induces flowering in response to photoperiod induction (Huang et al. 2005) .
The involvement of gibberellins in Arabidopsis flowering is supported by physiological and genetic evidence. Mutants in which gibberellin levels are severely reduced, such as ga1-3, are unable to flower in short days (Wilson et al. 1992) , and the exogenous application of gibberellins, in these conditions, accelerates flowering in wild-type Arabidopsis (Langridge 1957) . Furthermore, gibberellins activate molecular targets such as the floral meristem identity gene LFY (Bla´zquez et al. 1998) , and the levels of GA 4 increase dramatically in the shoot apex shortly before floral initiation (Eriksson et al. 2006) , indicating that in Arabidopsis GA 4 is the active gibberellin in the regulation of both shoot elongation and flower initiation during short-day conditions. Tobacco (Nicotiana tabacum) cv Xhanti is a day-neutral plant, and flowering time is not substantially influenced by photoperiod, although the number of nodes produced (i.e. the amount of vegetative growth before floral initiation) can be affected by temperature, light intensity, photoperiod, nutrition and other factors. Nicotiana tabacum plants, when growing under a specific set of environmental conditions, produce a uniform number of nodes before the meristem ends growth by forming a terminal flower (McDaniel 1996) . Many genes homologous to those known in Arabidopsis regulating floral transition and flower development have been cloned and investigated in tobacco, and shown to have characteristics similar to or distinct from those in Arabidopsis. For instance, in tobacco, two genes homologous to the Arabidopsis LFY have been identified (NFL1 and NFL2; Kelly et al. 1995) . These genes show divergences in their functional roles with Arabidopsis LFY since the ectopic expression of 35S:NFL1 is less effective in promoting precocious flowering than 35S:AtLFY in both tobacco and Arabidopsis (Ahearn et al. 2001) .
Several findings have suggested that an increase in gibberellin biosynthesis contributes to the promotion of flowering by long photoperiods in different species. On one hand, gibberellins accumulate when plants are induced to flower by transferring them to inductive conditions (Arabidopsis whole plants, Xu et al. 1997 ; Arabidopsis petioles, Gocal et al. 2001; Spinacea oleracea, Zeevaart et al. 1993; Lolium temulentum, King and Evans 2003) , and, on the other, exogenous application of gibberellins to certain species can be as efficient as single long-day treatments to promote flowering (Pharis et al. 1987 , Gocal et al. 2001 . These results cannot be extrapolated to all plant species. For instance, gibberellins do not seem to be a major flowering signal in Sinapis alba (Corbesier et al. 2004) . Furthermore, in Fuchsia (King et al. 2000) and grapevine (Boss and Thomas 2002) , gibberellins actually inhibit flowering. Therefore, although the role of gibberellins in the regulation of stem elongation is believed to be true in most species, this is not the case for flowering.
In higher plants, active gibberellins are synthesized from the common intermediate GA 12 by two parallel pathways that differ in the presence or absence of an early step of C-13 hydroxylation. Both pathways progress by successive oxidations at C-20, catalyzed by gibberellin 20-oxidases (GA20oxs), to produce GA 20 or GA 9 . These intermediates are converted into the active GA 1 and GA 4 , respectively, by gibberellin 3-oxidases (GA3oxs). The content of bioactive gibberellins (GA 1 and GA 4 ) and their precursors (GA 20 and GA 9 ) can be regulated by gibberellin 2-oxidases (GA2oxs) that, by catalyzing their 2b-hydroxylation, generate inactive forms (Hedden and Phillips 2000;  Fig. 1 ). Both active GA 1 and GA 4 are present in tobacco, but their relative abundance, and that of some of their precursors, indicates that the early 13 hydroxylation pathway is the prevalent one in this species (Jordan et al. 1995 , Vidal et al. 2001 .
Manipulation of the gibberellin pathway in tobacco results in conspicuous differences in plant stature and gibberellin levels. Thus, transgenic plants overexpressing a GA20ox gene (35S:CcGA20ox1), coding for a limiting gibberellin biosynthetic enzyme, have a higher content of active gibberellins and elongated phenotype but essentially unaltered flowering (Vidal et al. 2001 ; Fig. 1 ). In contrast, transgenic plants overexpressing a GA2ox gene (35S:NoGA2ox3), which reduces the level of active gibberellins and induces dwarfism, flowered later than the wild type (Ubeda-Toma´s et al. 2006 ; Fig. 1 ). This phenotype agrees with results obtained by constitutive overexpression of other GA2oxs in species such as rice (OsGA2ox1; Sakamoto et al. 2001b) , Arabidopsis (AtGA2ox7 and AtGA2ox8; Scho¨mburg et al. 2003) and Nicotiana sylvestris (SoGA2ox3; Lee and Zeevaart 2005) . Delay of flowering in transgenic 35S:NoGA2ox3 tobacco plants was proportional to the intensity of the dwarf phenotype and therefore to the gibberellin deficiency (Ubeda-Toma´s et al. 2006) . Extremely dwarf tobacco plants rarely flower and, when they do, the development of flower buds is very frequently aborted and they do not produce seeds. Flowering of these dwarf plants is induced by exogenous GA 3 application. In contrast, the phenotype of semi-dwarf plants was similar to that of control plants during early vegetative growth until approximately the eighth internode, and subsequently the developing stem of these plants showed a gibberellindeficient phenotype with shorter internodes (Ubeda-Toma´s et al. 2006 ). Flower development is slightly affected in these plants, but seeds are viable. When treated exogenously with GA 3 , the semi-dwarf phenotype (height and flowering time) reverted to wild type (Ubeda-Toma´s et al. 2006) , indicating that gibberellin levels might be important for floral initiation.
To investigate the role of gibberellins in the control of flowering in tobacco, we have quantified the levels of active gibberellins and the expression of gibberellin metabolism genes in apical shoots and young apical leaves during development. We found that the content of GA 1 and GA 4 in apical shoots and the expression pattern of gibberellin metabolism genes did not correlate with flower promotion in tobacco but rather with the ontogenic variation of stem growth. 
Results
Effect of gibberellin content modification on tobacco flowering Developmental stages and flowering molecular markers. As a first step to study the relationship between gibberellins and flowering, we identified the transition from vegetative to reproductive development under our experimental conditions and tested for suitable molecular markers for these phases. Freshly cut apices of plants at different ages were analyzed under a microscope. The stage of phase transition was established by counting the number of leaves (!3 cm) when floral initiation (change in the shape of the meristem and in the type of primordia) was apparent. In our conditions, floral transition took place in the apex of plants bearing 20-25 leaves longer than 3 cm (stages 2 and 3) although the flowering node (determined after the plant has completed growth) was about no. 38 (Table 1 ). The evolution of leaf and internode sizes during development is probably due to growth rate changes in the apex. Fig. 2A displays the lengths of leaves and internodes of 83-day-old wild-type plants. The sizes of both organs increased in parallel during the initial vegetative stages, reaching maximum sizes around node no. 10-12. Then, the internode lengths decreased progressively before floral transition (to about half of the largest length), but the sizes of leaves remained constant ( Fig. 2A) .
Two MADS-box genes involved in floral transition, NtMADS-4 and NtMADS-11, have been described previously in tobacco (Jang et al. 2002) . Since these genes were shown to be expressed during reproductive development, by RNA blot analyses (Jang et al. 2002) , we tested their expression by semi-quantitative reverse transcription-PCR (RT-PCR) to determine if we could use them as markers of floral transition in our experiments. We found that both genes were detected only in apical shoots of plants at stage 2 of development ( Fig. 2B ) and subsequently. In young apical leaves, the expression of NtMADS-11 was delayed even further, transcripts being detected in plants at stage 3 (Fig. 2B) . These results confirm the relationship between the expression of these genes and floral transition in tobacco and their convenience as developmental markers. Flowering in semi-dwarf transgenic plants overexpressing a GA2ox. Semi-dwarf transgenic plants (35S:NoGA2ox3, line L45) overexpressing a GA2ox, which reduces the active gibberellin content, have about 37% more vegetative nodes than wild-type plants and therefore show flowering delay (Ubeda-Toma´s et al. 2006) . We compared the expression of the molecular markers NtMADS-4 and NtMADS-11 in apical shoots of L45 and wild-type plants during development (Fig. 2C ) to see if molecular events associated with floral transition were also altered in transgenic plants. We only detected NtMADS-4 transcripts in semi-dwarf transgenic plants at or after stage 4 (35 leaves !3 cm), when flower development was completed in the wild type but not in L45. Furthermore, NtMADS-11 could be detected only at stage 5 (45 leaves !3 cm). Therefore, the late flowering phenotype of L45 plants correlated with late expression of the genetic markers NtMADS-4 and NtMADS-11.
Flowering in tobacco plants treated with GA 3 or paclobutrazol. Treatment of wild-type tobacco plants with the gibberellin biosynthesis inhibitor paclobutrazol (PCB) reduced stem height and inhibited flowering ( Table 1) . None of the nine plants treated with 10 À5 M PCB flowered after producing 60 vegetative leaves in 200 d of growth. Untreated plants flowered at about node 38 after 95 d of culture. However, simultaneous application of 10 À5 M GA 3 and PCB reduced the inhibition of flowering, indicating that flowering delay was due to the lack of gibberellins (Table 1) . On the other hand, the application of GA 3 alone (Table 1) , which stimulated stem elongation (plants treated with GA 3 were 75% taller), produced a slight delay on the flowering node (flowering node on GA 3 -treated plants was 46.8 AE 1.0 vs. 38.4 AE 0.4 on the wild type).
The inhibitory effect of PCB on flowering was associated with a delay in the expression of markers NtMADS-4 and NtMADS-11, detected by the absence of transcripts in young apical leaves of these plants (Fig. 3) . The application of GA 3 partially reversed the effect of PCB on NtMADS-4 but not on NtMADS-11. Interestingly, application of GA 3 alone reduced the expression of both flowering markers (Fig. 3 ), in agreement with the slight delay produced on the flowering node.
Evolution of gibberellin content in apical shoots and young apical leaves of tobacco during development
In order to study the relationship between gibberellins and flowering, we quantified the active gibberellins, GA 1 and GA 4 , and the immediate precursor of GA 1 , GA 20 , in wild-type and transgenic 35S:NoGA2ox3 plants during development. The developmental stage at sampling is expressed by the number of leaves !3 cm. The content of GA 1 and GA 4 (Fig. 4A, B ) was very high in apical shoots at stage 1 (plants with eight leaves), decreased considerably at floral transition (stages 2 and 3) and remained low afterwards. GA 4 was less abundant than GA 1 but its pattern of variation was similar. The content of GA 20 in apical shoots was low compared with active gibberellins during vegetative development, decreased slightly during flower transition and increased afterwards (Fig. 4C) . Active gibberellins were less abundant in young apical leaves than in apical shoots, and their levels evolved differently during development (Fig. 4D, F) . The content of GA 1 , the predominant active gibberellin, remained constant and did not show the strong decline that took place in the apices during flowering induction (Fig. 4D) , whereas GA 4 levels decreased during the reproductive stages (Fig. 4E) . In contrast to apical shoots, GA 20 in leaves was the most abundant gibberellin and its level presented a maximum in early flower transition (Fig. 4F) .
We also quantified gibberellin levels in the semi-dwarf transgenic line L45, which has a late flowering phenotype as described before (Ubeda-Toma´s et al. 2006, and Fig. 2C) . In apical shoots, levels of GA 1 , GA 4 and GA 20 were lower in L45 than in wild-type plants, as expected ( Fig. 4A-C) . The same occurred for the gibberellin content in young apical leaves (Fig. 4D-F) . In this case, however, the differences in content were greater for GA 1 and GA 20 . At the vegetative stage, the contents of GA 1 and GA 4 were similar between wild-type and transgenic plants. After this stage, the contents of active gibberellins in transgenic plants decreased more than in the wild type, but followed a similar pattern before and after flowering (Fig. 4) . The gibberellindeficient phenotype in transgenic plants (35S:NoGA2ox3) was displayed only at late vegetative phases and it was never detectable before the stage of eight leaves (Ubeda-Toma´s et al. 2006, this work) . Therefore, the differences in contents of gibberellins (mostly GA 1 and GA 20 ) between transgenic and wild-type plants correlated with the late dwarf phenotype. Expression pattern of gibberellin metabolism genes during development.
The GenBank database contained sequences encoding two GA20oxs (NtGA20ox1, Ntc12; and NtGA20ox2, Ntc16), one GA3ox (NtGA3ox1, Nty) and two GA2oxs (NtGA2ox1 and NtGA2ox2, 97% identical) of N. tabacum at the time of starting this work. We completed the 3 0 untranslated region of the NtGA3ox1 (Nty) and isolated a new cDNA GA3ox clone (NtGA3ox2, 98% identical to the N. sylvestris gene NsGA3ox1) and two new cDNA clones for GA2oxs (NtGA2ox3 and NtGA2ox5). The functions of all these genes have been inferred from their high homology to previously identified gibberellin clones, except for the product of Nty whose enzymatic activity had been confirmed in vitro (Itoh et al. 1999) .
Relative levels of mRNAs from genes encoding GA20oxs (NtGA20ox1 and NtGA20ox2), GA3oxs (NtGA3ox1 and NtGA3ox2) and GA2oxs (NtGA2ox1, NtGA2ox3 and NtGA2ox5) were quantified by real time RT-PCR, to see whether the changes in gibberellin content correlated with the expression of gibberellin metabolism genes. Some of these genes showed significant changes of expression in apical shoots during transition from vegetative to reproductive development (Fig. 5A-C) . For instance, NtGA20ox1 and NtGA3ox1 transcript levels increased 10-and 4.5-fold, respectively, between stages 1 and 2, while NtGA20ox2 showed the opposite pattern, with a reduction of expression of about 9.5-fold. NtGA2ox1 transcripts increased four times between stages 1 and 2. The other GA3ox (NtGA3ox2) and GA2ox (NtGA2ox3 and NtGA2ox5) genes showed minor variations of expression during plant development.
In young apical leaves, the expression of gibberellin genes was much lower than in apical shoots and remained rather constant during plant development (Fig. 5D-F) .
Discussion

Gibberellin content and flowering induction in tobacco
The treatment of wild-type plants with the gibberellin biosynthesis inhibitor PCB produced dwarfism and delay in 
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flowering (Table 1) . This PCB effect mimics the phenotype of semi-dwarf 35S:NoGA2ox3 transgenic plants ( Ubeda-Toma´s et al. 2006 ). The flowering delay in these plants is associated with the down-regulation of flowering molecular markers. (Figs. 2C, 3) . In tobacco wild-type plants, floral transition seems to correlate with a rise in the expression of the molecular markers NtMADS-4 and NtMADS-11 (Jang et al. 2002 ; Fig. 2B ) but this rise is not detected in semi-dwarf 35S:NoGA2ox3 and PCBtreated plants, in contrast to the wild type (Figs. 2C, 3) . The application of GA 3 , via irrigation, rescued the late flowering phenotype in PCB-treated and semi-dwarf transgenic plants (Table 1 ; Ubeda-Toma´s et al. 2006 ) and induced the expression of the flowering molecular markers NtMADS-4 and NtMADS-11 (Fig. 3) . This suggests that flowering delay in these plants was due to the gibberellin deficiency. The flowering delay of PCB-treated and transgenic plants did not stop meristem activity (because the apex continued producing vegetative leaves), but just induced a much longer vegetative phase before floral transition took place.
On the other hand, in the tall transgenic 35S:CcGA20ox1 plants with a higher gibberellin content, flowering time is not modified (Vidal et al. 2001 ). This suggests that an increase in the active gibberellin content cannot promote early flowering in tobacco. Interestingly, GA 3 application to wild-type plants which stimulated stem elongation had a negative effect on the expression of NtMADS-4 and NtMADS-11 (Fig. 3) and a slight delay in the flowering node (Table 1 ). The inhibition of floral transition caused by GA 3 application was probably due to an excess in the content of active gibberellins. This excess would be achieved by GA 3 application and not by ectopic expression of 35S:CcGA20ox1, since GA 3 is very poorly metabolized, because it is resistant to GA2ox inactivation compared with active GA 1 and GA 4 , and therefore remained in the plant for longer (Nakayama et al. 1990 ). The occurrence of a gibberellin inhibitory effect on flowering has been reported previously in other plant species. For instance, the application of GA 3 had an inhibitory effect on Fuchsia hybrida and Pharbitis nil (King et al. 2000) , resembling the case of tobacco. Also in grapevine (Vitis vinifera) gibberellin may have an inhibitory effect on flowering because a dwarf gibberellin-insensitive mutant flowers earlier than the wild type (Boss and Thomas 2002) . This is in contrast to the gibberellin-insensitive gai mutant of Arabidopsis, which is delayed in flowering (Wilson et al. 1992 ). Therefore, it is possible that in tobacco flowering is only allowed, or favored, when gibberellin levels are between a minimum (which is not reached in dwarf transgenic and PCB-treated plants) and a maximum (which was overcome with continuous application of GA 3 at 10 À5 M). Interestingly, the flowering delay due to gibberellin excess seems to be smaller than that due to gibberellin shortage (Table 1) .
To investigate further the role of gibberellins in flowering, we determined the gibberellin content in apical shoots and young apical leaves of tobacco during development. The levels of active GA 1 and GA 4 in apical shoots decreased during the vegetative phase, reaching very low levels at floral transition and afterwards (Fig. 4A, B) . This would not be expected if any of these two gibberellins were flowering-promoting factors. Our data on the progressive reduction in the content of active GA 1 and GA 4 in the apices of tobacco plants correlated with the reduction of internode lengths before floral transition ( Fig. 2A) . Interestingly, in contrast to internodes, the size and active gibberellin content in leaves remained constant before and after floral transition (Figs. 2A, 4D , E). The decline of GA 1 and GA 4 in apical shoots before floral transition is probably related to the decrease in stem growth and does not seem to have a role in inducing the reproductive phase, since semi-dwarf late flowering plants (L45) displayed a similar decline. However, we cannot exclude that the levels of GA 1 and GA 4 in tissues other than apices and apical leaves (for instance old leaves or roots) may have relevance in floral transition signaling. In summary, we can conclude that floral transition in tobacco was associated with a significant reduction in stem growth rate and a significant reduction in active gibberellin in apical shoots but not in leaves.
Although GA 1 and GA 4 have been established in many species as the active gibberellins for stem elongation, their roles in floral induction have not been demonstrated so clearly. In Arabidopsis, GA 4 is the active gibberellin, regulating stem elongation as well as floral initiation, under short-day conditions (Eriksson et al. 2006) . However, in the long-day monocot Lolium temulentum, the florigenic gibberellins are GA 5 and GA 6 , which have little effect on stem elongation. In contrast, GA 1 and GA 4 cause stem elongation and seem to be inactive in floral induction (King and Evans 2003) . Our results in tobacco do not show any peak of GA 1 and GA 4 before floral induction, in contrast to Arabidopsis, which has been proposed as a model for dicot flowering (Eriksson et al. 2006) . Therefore, we cannot exclude the possibility that specific gibberellins, other than GA 1 and GA 4 , are responsible for flowering induction in tobacco.
The role of active gibberellins in the control of flowering is not universally accepted. The evidence for the involvement of gibberellin biosynthesis in the regulation of floral induction comes mainly from photoperiod-responsive rosette plants, where stem elongation (bolting) coincides with flowering. In other cases such as pea (Pisum sativum), mutations causing gibberellin deficiency have minimal effect on the node of flower initiation (Murfet and Reid 1987) .
Tobacco, like pea, is not a rosette plant and flowering is not associated with stem elongation. In fact, the internode length of tobacco plants diminishes when approaching floral transition ( Fig. 2A) , and a similar ontogenic variation in internode length is found in pea, correlating with a GA 1 decline in young apical tissues (Ross et al. 1992) . Therefore, floral transition in tobacco, as well as in pea, might not be induced by an increase of active gibberellins in the apical shoot. However, gibberellins are necessary for flowering in tobacco because dwarf transgenic and PCB-treated plants show an extended vegetative phase and late flowering. This requirement for gibberellins may imply only a minimum level, or gibberellin threshold, that would be important for the meristem to reach a stage of competence for flowering. In fact, there is evidence supporting a role for gibberellin in cell differentiation. Sakamoto et al. (2001a) found that the expression of a GA20ox gene (Ntc12) of tobacco is excluded from the apical meristem by direct repression of a KNOX homeodomain protein, suggesting a role for gibberellins in determination of cell fate in tobacco. In rice, the ring-shaped expression around the shoot apex of the GA2ox (OsGA2ox1) is drastically reduced after the phase transition from vegetative to reproductive growth (Sakamoto et al. 2001b) , which may indicate a role for gibberellins in cell differentiation. Therefore, the presence of a certain amount of gibberellin within some meristematic cells may be necessary for acquiring competence for flowering. In dwarf transgenic and PCB-treated plants, this amount of gibberellin would not be reached, competence for flowering would not be achieved, and plants would continue through vegetative growth. On the other hand, the application of high doses of GA 3 (10 À5 M) may alter the normal pattern of gibberellin distribution within the meristem and this may also interfere with flowering (Table 1) .
However, once the meristem becomes competent for flowering, floral transition will take place depending on signals different from the levels of GA 1 or GA 4 . In fact, an increase in gibberellin levels, within certain limits, should not accelerate flowering because gibberellins only affect the meristem competence and not the floral transition. This may explain why flowering time is not affected in tall transgenic plants (35S:CcGA20ox1) with high gibberellin content (Vidal et al. 2001 ) and why the application of moderate doses of GA 3 (10 À6 M) does not have any effect on flowering (unpublished results).
Expression of gibberellin metabolism genes in apical shoots and leaves
We found major changes of expression in some of the gibberellin metabolism genes, in the apical shoots of tobacco, between vegetative and reproductive growth (Fig. 5A-C) . Many gibberellin genes, coding for the dioxygenases GA20oxs, GA3oxs and GA2oxs, can be positively or negatively regulated by the levels of active gibberellins ( Fig. 1; Hedden and Phillips 2000) . The changes of expression found between stages 1 and 2, in NtGA20ox1 (NTc12) and NtGA3ox1 (Nty) (Fig. 5A, B) , could be explained by negative feedback regulation, which has been previously described for these genes (Tanaka-Ueguchi et al. 1998 , Itoh et al. 1999 . In contrast, NtGA20ox2 (NTc16), which shows little feedback regulation (Tanaka-Ueguchi et al. 1998) , had a continuous reduction of expression in the apical shoot, matching the decline of active gibberellins. The expression pattern of the GA2ox gene NtGA2ox1 (which increased about four times between stages 1 and 2) also fits the evolution of active gibberellins. These results may suggest that both enzymes (encoded by NtGA20ox2 and NtGA2ox1) could contribute to the reduction of active gibberellin, before floral transition, and are probably regulated by ontogenic signals. The transcripts levels for the other three genes had relatively milder variations.
The patterns of expression of gibberellin biosynthesis genes in leaves diverged considerably from those in apical shoots (Fig. 5) . In general they showed very small changes in expression, in agreement with the low variation in the content of active gibberellin, mainly GA 1 . Most of the genes were expressed at lower levels in leaves than in apical shoots (Fig. 5) . However it is interesting to note that the active gibberellin content in leaves was not much lower than in apical shoots (see Fig. 4, stage 3 ). This result could be explained by a reduction in the expression of gibberellin biosynthesis genes compensated by a reduction in the expression of gibberellin catabolic genes in leaves. This may indicate a poorer requirement for gibberellin content regulation in the leaves (with low variation in their levels) than in the apical shoots. In contrast to Arabidopsis (Eriksson et al. 2006) , there is a reasonable correlation between active gibberellin content and the expression pattern of gibberellin genes in both tissues, apical shoots and apical leaves, which indicates that the active gibberellins are locally synthesized and not imported from other tissues.
Interestingly, GA 20 , the precursor of active GA 1 (Fig. 1) , was the most abundant gibberellin in leaves and showed a maximum during flower transition. This variation in the content did not correlate with the expression pattern of any of the gibberellin metabolism genes investigated. Because of the great number of members in the gibberellin dioxygenase families in Arabidopsis, we cannot exclude the existence of as yet unidentified genes in tobacco that could be responsible for that pattern. The rather different pattern of GA 20 and its product GA 1 suggests that leaves could be a source of gibberellin precursors that can be exported to other organs.
In summary, the results presented in this work show that floral transition in tobacco depends on gibberellins but, in contrast to Arabidopsis, is not regulated by the levels of GA 1 and GA 4 in apical shoots. Also, in contrast to Arabidopsis (Eriksson et al. 2006) , the active gibberellin content in apical shoots correlated roughly with the expression of gibberellin metabolism genes, suggesting that active gibberellins are not imported from other organs but are locally synthesized.
Materials and Methods
Plant material and growth conditions
Nicotiana tabacum cv Xanthi (photoperiod independent) and transgenic tobacco (L45 overexpressing 35S:NoGA2ox3) plants were used as experimental material. The plants were cultured in pots containing vermiculite:peat (1 : 1), watered with nutrient solution and grown under long-day conditions (16 h light and 8 h of darkness at 258C).
The stage of plant development was established according to the total number of plant leaves !3 cm in length. We established five stages of development named: stage 1, plants with eight leaves !3 cm; stage 2, plants with 20 leaves !3 cm; stage 3, plants with 25 leaves !3 cm; stage 4, plants with 35 leaves !3 cm; and stage 5, plants with 45 leaves !3 cm. Floral transition in the wild type takes place between stages 2 and 3.
The time of floral transition was determined by studying the morphological changes of the meristem from shoot apices of plants at different developmental stages, using freshly cut apices observed under a stereomicroscope (model SMZ88, Nikon). Flowering time was established by the number of days to the first anthesis and by the number of nodes on the primary shoot formed below the terminal flower.
Apical shoot samples consisted of the entire apical portion of the shoot containing leaves 0.5 cm long. Young leaf samples consisted of apical leaves 0.5-3 cm in length. Samples were frozen immediately in liquid N 2 before storage at À808C, until analysis.
Gibberellin quantification
Gibberellins were quantified in apical shoots and apical young leaves of five biological replicates from plants at different stage of development. Each sample consisted of material from five plants. Aliquots of 10 mg of lyophilized material were homogenized using a mortar and pestle and extracted using an MM301 Vibration Mill for 3 min (Retsch GmbH and Co., Haan, Germany) in 1 ml of 80% ]GA 34 ) (purchased from Profesor Lewis Mander, Australia). After centrifugation (13,000 r.p.m. for 3 min), the supernatant was evaporated to dryness under vacuum. The residue was dissolved in 500 ml of 1% acetic acid at pH 2.5-3. This solution was loaded onto a pre-equilibrated Isolute C8-EC cartridge (International Sorbent Technology, UK). The cartridges were washed with 2 ml of 5% MeOH-1% acetic acid, eluted with 2 ml of 80% MeOH and evaporated to dryness. The residue was dissolved in 200 ml of 2-propanol and methylated with trimethylsilyl-diazomethane in hexane (Aldrich). The gibberellins were separated by HPLC and the fractions were dried, trimethylsilylated in 20 ml of pyridine and BSFA þ 1% TMCS, and analyzed by GC-MS in selected reaction monitoring mode using a JEOL JMS MStation (JEOL, Tokyo, Japan). as described previously by Moritz and Olsen (1995) .
RNA isolation and reverse transcription
Total RNA was isolated from apical shoots and young apical leaves using an RNeasy Plant Mini Kit and treated with RNasefree DNase set (Qiagen), according to the manufacturer's instructions. RNA concentration was measured using a Nanodrop ND-1000 Spectrophotometer (Wilmington, DE, USA). A 1.5 mg aliquot of total RNA was used for cDNA synthesis using a Taq Man Õ Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) with oligo(dT) primers, at final volume of 20 ml.
PCR primer design and real-time RT-PCR analysis
Primers were designed using Primer Express TM v2.0 software (Applied Biosystems). The primer concentration for real-time PCR was optimized for each primer gene pair, and the best primer concentration was determined by calculating PCR efficiency and C T values (SYBR Õ Green PCR Master Mix and RT-PCR Protocol Applied Biosystems).
Gene transcription of Nt20ox1 (Ntc12, AB012856.1), Nt20ox2 (NTc16, AB016084), Nt3ox1 (Nty, AB032198), NtGA2ox1 (AB125232.1), NtGA3ox2, NtGA2ox3 and NtGA2ox5 (cloned in our laboratory, EF471116, EF471117 and EF471118) was analyzed by quantitative real-time PCR. NtActin (U60489) was amplified as a loading control. The primer pairs displayed in Supplementary Table S1 were used for PCR amplification.
The analyses were carried out using two biological replicates of apical shoots and apical young leaves at different stages of development. Each sample consisted of material from five plants. All PCRs were performed in triplicate and a template-free control was included for gene amplification. The entire experiment was carried out twice at different times of the year, with similar results. Only results from one of the experiment are shown in this work.
PCRs were performed in an optical 96-well plate with an ABI PRISM Õ 7000 Sequence detection System (Applied Biosystems), using SYBR Õ Green to monitor double-stranded DNA synthesis. The reactions contained 12.5 ml of SYBR Õ Green Master Mix reagent (Applied Biosystems), the optimal concentration of primers for each gene, RNase-free water and 1 ml of cDNA solution in a final volume of 25 ml. The thermal profile conditions for all PCRs were: 508C for 2 min; 958C for 10 min; 40 cycles of 958C for 15 s and 608C for 1 min. A melting curve program was used to confirm the presence of only one amplicon according to the T m expected for each gene amplification. Data were analyzed by the SDS 2.0 software (Applied Biosystems). To compare data from different PCR runs, C T values for all genes were normalized to the C T value of NtActin. PCR efficiency (E) was estimated with the LinRegPCR: Analysis of Real-Time PCR Data v7.5 program (Ramakers et al. 2003) for each gene. Relative expression of mRNA was calculated by the ratio ¼ (E Ct control /E Ct target ), as described by Pfaffl (2001) .
Semi-quantitative RT-PCR
Transcription of NtMADS-4 and NtMADS-11 genes (Jang et al. 2002) was analyzed by semi-quantitative RT-PCR. The primer pairs used for PCR amplification were: NtMADS-4 (forward 5 0 -CGAGTTCCACTTCGATTGTCAT-3 0 and reverse 5 0 -TGCGGATTAGCCACAGCAA-3 0 ) and NtMADS-11 (forward 5 0 -ACAAGCTCTCGAAGCAGGTGAA-3 0 and reverse 5 0 -CAG TGTTCTGTTGTTGTTGCCG-3 0 ). NtActin (U60489; primer Gibberellin in tabacco flowering 623 pairs was the same as used in real-time PCR) was amplified as a loading control. The appropriate number of PCR cycles (PCR in exponential phase) was determined for each gene by trial runs.
Application of GA 3 and paclobutrazol Separate and joint applications of GA 3 (Duchefa Biochemie, Haalen, The Netherlands) and PCB (Duchefa Biochemie) were performed by irrigation of plants with 10 À5 M solutions once per week during 2 months. Treatments (10 plants per treatment) started when the plants were 15 d old.
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